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A new class of quaternary complex transition metal hydrides (Na2Mg2TH8 (T = Fe, Ru)) have 
been synthesized and their structures determined by combined synchrotron radiation X-ray and 
powder neutron diffraction. The compounds can be considered as a link between ionic and 
complex hydrides in terms of incorporating independently coordinated ionic and covalent 
hydrogen. These novel isostructural complex transition metal hydrides crystallize in the 
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orthorhombic space group Pbam, where the octahedral complex hydride anion is surrounded by a 
cubic array of four Mg
2+
 and four Na
+ 
cations, forming distinct two-dimensional layers. An 
intriguing feature of these materials is the distorted octahedral coordination of the isolated H
− 






cations, which form layers between the transition metal 
containing layers. The vibrational modes of the H
− 
anions and complex hydride anion are 
independently observed for the first time in a quaternary complex transition metal hydride 
system by Raman and IR spectroscopy. 
 
Keywords: metal hydrides; mechanochemical processing; crystal structure; neutron diffraction; 
X-ray diffraction; energy storage materials. 
 
1. Introduction 
Homoleptic complex transition metal hydrides are extremely versatile, have a rich and varied 
chemistry and as such exist in a variety of structural conformations [1]. Since the first report of 
Mg2NiH4 in 1968 [2], a diverse selection of complex transition metal hydride anions have been 
synthesized with transition metals ranging from group 7 to 12. The complex hydride anion is 
electronically stabilized by the positive charge of the polarizable alkali, alkali-earth, or 
lanthanide elements, which form cubic arrays around the anion. Until recently it was assumed 




 complexes (in quantitative yields) 
with divalent or trivalent cations (Mg, Yb, Sr, Ba, Ca, La) [3–5], however, the alkali metal 








) [8,9], were 
recently reported.   
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Complex transition metal hydrides have long been of interest as potential hydrogen storage 
materials [10] and it has been identified that the hydrogen capacity and thermodynamics of these 
materials can be tuned by varying the cations [3,11,12]. As such, first-principles calculations 
have determined that increasing the electronegativity of the cation decreases the thermal stability 
of the hydride [11]. Other studies have also determined distinct correlations involving the 
physical properties of the cation or “cation matrix effects” on the vibrational stretching modes of 
the complex hydride [13]. 
It was recently proposed that increasing the total anionic charge of the system with isolated 
anionic hydrogen allows for the inclusion of a wider variety of cations into the system and 
therefore the formation of compounds that were once considered not possible to synthesize [12].  
With these concepts in mind, first-principles DFT calculations have been performed on a variety 
of hypothetical quaternary complex transition metal hydrides with incorporation of H
−
 to 









) (T = Fe, Ru) have been successfully synthesized and their structures 
determined by combined synchrotron radiation powder X-ray diffraction (SR-PXD) and powder 
neutron diffraction (PND). Here we present a detailed description of the crystal structures 
suggested by DFT and refined by the Rietveld method for Na2Mg2FeH8 and Na2Mg2RuH8, with 
an emphasis on the diversity of metal to hydrogen bonds displayed by these species. This 
structural study based on diffraction data is supported by Raman and FT-IR spectroscopies and 
corroborated by DFT calculations, where the vibrational modes of the anionic hydrogen and 




2. Materials and Methods 
All preparation and manipulation was performed in a Miwa glove box filled with purified argon 
(less than 1 ppm O2 and the dew point of H2O below 190 K) to avoid contamination. 
2.1 Synthesis of Na2Mg2FeH(D)8. The synthesis of Na2Mg2FeH8 followed a four step process, 
which first required the synthesis of Mg2FeH6. This was achieved by mechanically milling 
(Fritsch Pulverisette 7) MgH2 (hydrogen storage grade, Sigma Aldrich) and Fe (99.99%, 
Mitsuwa) powders at a molar ratio of 2:1 for 2 h at 400 rpm (ball-to-powder ratio 40:1), under 
argon with subsequent heat treatment at 400 °C for 20 h under 3 MPa H2. The resultant olive 
green powder was then mechanically milled with NaH (95 %, Sigma Aldrich) at a molar ratio of 
1:2 for 20 h under argon with subsequent heat treatment at 400 °C for 20 h under 30 MPa H2. 
The product was yielded as an olive green powder. The deuteride analogue was synthesized 
using identical starting materials (MgH2, NaH and Fe), albeit using D2 gas instead of H2.  
2.2 Synthesis of Na2Mg2RuH(D)8. The synthesis of Na2Mg2RuH8 followed a two-step process. 
MgH2, NaH and Ru (99.9 %, Kojundo Chemical Laboratory) were mechanically milled 
(identical parameters as employed with Na2Mg2FeH8)  at a molar ratio of 2:2:1 for 20 h under 
argon, before subsequent heat treatment at 500 °C for 20 h under 30 MPa H2. The product was 
yielded as a light grey powder. The deuteride analogue was synthesized using identical starting 
materials (MgH2, NaH and Ru), albeit using D2 gas instead of H2. 
2.3 Synchrotron radiation powder X-ray diffraction (SR-PXD). Measurements were 
performed using the Swiss-Norwegian Beamline (SNBL, BM01A) at the European Synchrotron 
Radiation Facility (ESRF) in Grenoble, France. The sample was loaded inside a sealed boron 
glass capillary (0.5 mm inner diameter). A two-dimensional SR-PXD pattern (λ = 0.70135 Å) 
was collected using a fast pixel detector (Pilatus 2M, Dectris) with an exposure time of 30 sec, 
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with a sample to detector distance of 143 mm. The capillary was rotated 30° during exposure to 
improve the powder averaging. The data were integrated to one-dimensional diffraction patterns 
with the program Fit2D [14]. Calibration was performed using a NIST LaB6 standard. 
2.4 Powder neutron diffraction (PND). Data were collected with the PUS instrument at the 
JEEP II reactor in Kjeller, Norway [15]. Neutrons with the wavelength λ = 1.5548 Å were 
obtained from a Ge (5 1 1) vertically focusing monochromator. Data were collected from 10° to 
130° in 2θ and binned with Δ2θ = 0.05°. The sample was mounted in the glove box and 
contained in a rotating cylindrical vanadium sample holder with 6 mm inner diameter, and then 
sealed with an indium wire to prevent air exposure. 
2.5 Structure Determination. The structural model used for refinement was initially calculated 
and optimized by first principle methods [12] and the lattice parameters checked against data 
measured at room temperature using DICVOL06 [16] and CHEKCELL [17]. The combined 
structural refinements using SR-PXD and PND data of Na2Mg2FeD8 and Na2Mg2RuD8 with the 
Rietveld method were performed using the GSAS software package [18], with the graphical 
interface EXPGUI [19].
 
For the Rietveld refinements the T−D (T = Fe, Ru) and M−D2 (M = Na, 
Mg) bond distances were initially restrained to those calculated by DFT calculations (see 
Supplementary Information), while D1−D3 bond distances were restrained to 2.2 Å. All 
restraints were then removed to obtain convergence, thus allowing free refinement of all atomic 
coordinates. Isotropic displacement parameters, Uiso, were refined as a single parameter for the 
two covalently bonded H atoms. All backgrounds were modelled by a Shifted Chebyschev 
polynomial; for Na2Mg2FeD8 this consisted of 36 points, while the backgrounds for 
Na2Mg2RuD8 were modelled by 36 (SR-XRD) and 16 (PND) manually placed points. A 
Thomson-Cox-Hastings pseudo-Voigt profile function was selected for the global refinement of 
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the SR-PXD and PND data sets. Unit cell parameters, zero-point, overall scale factors, peak 
shape mixing parameters, three Gaussian profile parameters (U,V,W), and two Lorentzian profile 
parameters (X, Y) were refined for each data set. Within the Na2Mg2RuD8 powder, one unknown 
phase was identified, which was indexed according to a tetragonal unit cell (see Supplementary 
Information). Due to the small fraction of this phase, structure solution was not possible, and as 
such was refined by the Le Bail method simultaneously to the refinement of the known phases by 
the Rietveld method.  
2.6 Vibrational Spectroscopy. FT-IR measurements were conducted using a Thermo Nicolet 
IN10 infrared microscope. A few granules of the hydride were inserted into a diamond sample 
accessory and spectra were collected in transmission mode. The powders were measured at the 
same position after releasing pressure to guarantee the sample was not affected by pressure. 
Measurements were conducted over the spectral range of 4000 – 400 cm
−1
 for 3600 scans, at a 
resolution of 8 cm
−1
. Raman spectroscopy measurements were conducted using a Thermo 
Nicolet Almega-HD Raman Microscope over the spectral range of 98 to 3703 cm
−1
 using a 
semiconductor laser operating at 512 nm at 20 % power. Samples were measured at room 
temperature as compressed pellets (12 MPa) placed inside an inert atmosphere container with a 
quartz lid and measured for 0.5 s per scan for a total of 2000 scans.  An aperture size of 100 µm 
was used. Assignment of the features in both the Raman and FT-IR spectra was assisted using 
vibrational frequencies generated from the DFT calculations and identified by reference to the 
displacement vectors for each of the vibrations.  
2.7 DFT phonon calculations. Γ-point phonon calculations for the 26-atom primitive unit cell of 
Na2Mg2FeH8 were performed using a plane-wave basis and projector augmented wave method 
[20,21] within the generalized gradient approximation of Perdew, Burke, and Ernzerhof (PBE) 
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[22], as implemented in the Vienna Ab-Initio Simulation Package (VASP) [23,24]. Well-
converged plane-wave basis sets were employed with cutoff energies of 600 and 5400 eV for the 
wavefunction and charge density, respectively. A 6×6×2 grid was used for the k-point sampling 
of the Brillouin zone. 
 
3. Results and Discussion 
3.1 Phase Identification 
The SR-PXD and PND patterns measured for Na2Mg2FeD8 and Na2Mg2RuD8 are illustrated in 
Fig. 1. The dominant set of Bragg peaks observed for both Na2Mg2FeD8 and Na2Mg2RuD8 were 
indexed to a primitive orthorhombic unit cell with dimensions a = 5.30527(8), b = 11.03743(16) 
and c = 4.47783(6) Å; and a = 5.37969(5), b = 11.11847(10) and c = 4.64792(4) Å, respectively 
and extinction rules according to the space group Pbam. The crystallographic information for 
both compounds and their atomic positions are tabulated in Table 1, while the crystal structure is 
illustrated in Fig. 2a. The initial structure models were derived from total energy calculations 
based on DFT [12], while the combination of the SR-PXD and PND data on the structure model 
were used in the Rietveld refinements. For Na2Mg2FeD8, this resulted in the following reliability 
factors: Rwp = 0.080 for the SR-PXD pattern and Rwp = 0.067 for the PND data set. For 
Na2Mg2RuD8 this resulted in the following reliability factors: Rwp = 0.055 for the SR-PXD 
pattern and Rwp = 0.055 for the PND data set. The relatively high baseline of the PND data for 
Na2Mg2RuD8 compared to Na2Mg2FeD8 (Figs. 2b and 2d) is due to lower data statistics caused 




Table 1.  
FIGURE 2 
Phase composition analysis by Rietveld refinement of the SR-PXD data determined that 
Na2Mg2FeD8 has been synthesized to 87.0(3) % purity, along with 5.66(4) % Fe, 4.06(4) % 
Mg2FeD6, and 3.27(6) % NaD (Fig. 1a).  This suggests that the reaction may not have gone to 
completion, even though the sample was annealed under a D2 environment of 30 MPa for 60 h. 
Na2Mg2RuD8 has been synthesized to 96.77(4) % purity, with 3.23(3) % Ru starting material 
remaining (Fig. 1c). NaD was not observed. An unknown material was also identified within the 
Na2Mg2RuD8 powder, of which a few reflections were discernable. These Bragg peaks were 
indexed to a possible tetragonal unit cell with dimensions a = 8.9150(4) Å and c = 5.2442(4) Å. 
Unfortunately, the low levels of the material inhibited structural determination, while in addition 
it was not possible to identify the structure against the ICSD database (the d spacing of the 
observed peaks in the SR-PXD data are listed in the Supplementary Information). Using the 
program CHEKCELL [17], a space group of P42nm was adjudged, which was subsequently used  
to fit the data using the Le Bail method in GSAS. The total fraction of the unknown material in 
the powder was evaluated as 0.7 wt%.  
 
3.2 Structure of Na2Mg2TD8 (T = Fe, Ru) 
In Na2Mg2FeD8, the Fe, D1 and D3 atoms are bonded in an octahedral arrangement, with the 
two axial Fe−D1 bonds having a bond distance of 1.610(9) Å and the four equatorial Fe−D3 
bonds at a distance of 1.592(6) Å (Fig. 2b and Table 2). The refined Fe−D bond lengths are in 
good agreement with the DFT calculated values (Supplementary Information) and with other 
[FeD6]
4−
 complexes (e.g. Mg2FeD6 = 1.5561(2) Å [25]; Ca2FeD6 = 1.6176(2) Å [4]), and are also 
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in trend with analogous [TDx]
4−
 (T = Ni, Ru, Co, Os) complexes (which vary according to the 
atomic radii of T) [3,4,9,25–27]. While the D1 and D3 atoms form covalent bonds with T and are 











(Fig. 2c). The Na−D2 bond distances of 2.585(6) Å are similar to that of the archetypical ionic 
NaD of 2.445 Å [28].  
 










(Fig. 2b), similar to that observed in the archetypical Mg2TD6 (T = Fe, Ru) and related 
compounds [3,4,9,25,29,30]. The D1 atoms are bonded to two Na
+
 at distances of 2.484(10) and 
2.822 (10) Å and two Mg
2+
 (2.2457(7) Å), while the D3 atoms are also connected with two Mg 
(2.118(7) and 2.139(7) Å) and two Na atoms (2.373(7) and 2.551(7) Å). The elongation of the 
Fe−D1 and M−D1 (M = Na, Mg) bond distances, compared to the corresponding D3 bond 
distances, is due to the additional coordination of D1 by a Na
+ 
belonging to the neighboring cube 
in the b-direction (Fig. 2d). This arises as the Fe, D1 and Na atoms are aligned on the edges of 
the unit cell occupying the 2a (Fe) and 4g (D1 and Na) sites creating a Fe−D1−Na bond angle of 
168.5(6)°, with a D1−Na bond distance of 2.382(9) Å.  
Looking closer at the crystal packing of Na2Mg2FeD8, the cubes containing [FeD6]
4− 
are 
connected in an edge-sharing two-dimensional network forming layers along the a/c plane, with 
a sheet of D2 atoms (D
−
) occupying the 4h sites in between (Fig. 2a). This edge-sharing packing 
is analogous to that observed in the quaternary compounds of MMg2FeD8 (M = Ba, Sr) [29,31] 
and Na2Mg2NiH4 [9], which also contain isolated D
−




 (T = Fe, 
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Ru) containing compounds, such as Mg2FeH6, these cubes typically assemble in corner sharing 
three-dimensional arrays [3].  
The anionic D
−
 is enveloped by a distorted octahedral array, consisting of four Na
+
 and two 
Mg
2+ 
(Fig. 2c). These octahedra form layers amid the complex hydride layers, via a combination 
of edge-sharing and face-sharing interactions. The distortion within the D
−
 containing octahedron 
arises from two of the four Na−D2 bonds possessing different bond distances of 2.585(6) and 
3.215(8) Å, while the two Mg−D2 bond are practically equidistant at 1.911(11) and 1.937(11) Å. 
The irregular Na−D2 bond distances result in nonlinear Na−D2−Na bond angles of 163.8(5)°, 
while the Mg−D2−Mg bond angles are 154.7(7)°. The octahedral geometry around D
−
 is a rare 




 within complex 
transition metal hydrides has previously been determined to be predominately tetrahedral 
(Na2Mg2NiH6 [9], LaMg2NiH7 [5], SrMg2FeH8 [29], BaMg2FeH8 [32], Ca4Mg4FeH8 [33], 
LaMg2PdH7 [34,35]), linear or trigonal bipyramidal configurations (LiMg2RuH7, Mg3MnH7) [3]. 
La2MgNi2H8, which contains isolated dinuclear [Ni2D7]
7−
 and tetranuclear [Ni4D12]
12−
 
complexes, has been determined to coordinate D
− 
in both tetrahedral and octahedral 
environments [36]. Complex hydrides containing an octahedral H
−
 center have been previously 
observed in the perovskite structures such as NaMgH3 [37].  
The crystal structure of Na2Mg2RuD8 is identical to that of Na2Mg2FeD8, albeit an expansion 
of the unit cell parameters, with an overall volume expansion of 6.0 % (Fig. 2 and Table 1). This 
enlargement leads to a concomitant elongation of T−D bond distances, which is anticipated due 
to the increase in atomic radius of the metal center (Ru−D1 = 1.7074(27) Å, Ru−D3 = 




 complexes, such as the archetypal Mg2RuD6 (1.673(4) Å),[4] Na4RuD6 (1.792(9) 
Å),[38] and the quaternary BaMg2RuD8 (1.717(2), 1.680(3) Å) [39].  
 
3.3 Vibrational Spectroscopy 
FT-IR and Raman spectroscopy studies were conducted on Na2Mg2FeH8 and its deuteride 
analogue, while harmonic frequencies were calculated by DFT methods. Due to the complicated 
structure of this compound (space group Pbam, Z = 2), compared to the relatively simple 
M2FeH6 analogues (space group Fm−3m, Z = 4), the requirement for these complementary 
spectroscopic techniques to be corroborated by DFT calculations can easily be realized. The Γ-
point phonon frequencies obtained by first-principles calculations in the 26-atom unit cell are 
listed in the Supplementary Information. There are a total of 75 optical Γ-phonon modes 
belonging to the irreducible representation 11Ag + 8Au + 7B1g + 12B1u + 7B2g + 12B2u + 11B3g + 
7B3u. The Ag, B1g, B2g and B3g modes are Raman active; B1u, B2u, and B3u modes are IR active; 
while the Au mode is inactive in both Raman and FT-IR.  
The experimental and DFT results support the crystal structure obtained from the diffraction 
data; with the observation of the vibrational modes for the [FeH6(D6)]
4−
 and isolated H(D)
−
 
anions, the latter of which has not been measured previously for other quaternary complex 
transition metal hydrides. The FT-IR spectrum of Na2Mg2FeH8 (Fig. 3b and Table 3), shows a 
multiplet of strong vibrational bands between 1752 and 1274 cm
−1
. With the assistance of the 
DFT calculated frequencies, the peaks at 1752 and 1645 cm
−1 
are assigned to the octahedral 
Fe−H stretching vibrations, while the peaks at 1416 and 1274 cm
−1 
are attributed to the 
vibrational modes of the H
−
 anions. Fe−H bending vibrations are observed at 856, 783 and 650 
cm
−1
, while the peak at 1575 cm
−1
 is assigned as overtones and combinations of the Ag and B3u 
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bending modes. The spectrum for Na2Mg2FeH8 is in contrast to that of Mg2FeH6, which exhibits 
only three peaks (Figure 3a and Table 3), all of which are attributed to Fe−H stretching, with the 
strongest being observed at 1843 cm
−1
. This stretching band arises at a larger wavenumber than 
that of the most intense Fe−H stretching band of Na2Mg2FeH8 (1575 cm
−1
) due to the increased 





Table 3.  
 
The octahedral Fe−H(D) and isolated H(D)
−
 vibrational modes are also easily distinguished in 
the Raman spectra of the Na2Mg2FeH8 and deuteride analogue. For the hydride analogue (Fig. 
3c), peaks at 1874, 1765 and 1732 cm
−1
 are attributed to the Fe−H
 
stretching modes, while one 
H
−
 vibrational mode is observed at 1412 cm
−1
. One Fe−H bending mode is observed at 1076 
cm
−1
. The Raman spectrum for Na2Mg2FeD8 (Fig. 3d) is very similar to its hydride counterpart 
despite the expected isotopic shift of √2. The Fe−D stretching modes are observed at 1338, 1279, 
1238 cm
−1
, and a bending mode at 732 cm
−1
, while a weak D
− 
vibration is observed at 1011 cm
−1
. 
Four translation modes are observed below 360 cm
−1
 at nearly identical positions for the hydride 








The complex transition metal hydrides Na2Mg2TH8 (T = Fe, Ru) and their deuteride analogues 
have been synthesized for the first time and their structures refined by the Rietveld method using 
SR-PXD and PND data. The compounds are isostructural and crystallize in the orthorhombic 
space group Pbam and represent a new family of group eight metal hydride compounds, which 
incorporate independently coordinated ionic and covalent hydrogen. Na2Mg2FeH8 is the first 
[FeH6]
4− 
complex to be stabilized by monovalent Na
+
 ions rather than divalent M
2+
 (M = Mg, Ca, 
Sr, Eu, Yb, Ba) only. As such, the octahedral complex transition metal hydride anion is 
surrounded by a cubic array of four Mg
2+
 and four Na
+
, forming two-dimensional layers.  
An intriguing feature of these materials is the distorted octahedral coordination of the isolated H
− 






, which forms a combination of edge- and face-sharing layers 
amid the complex hydride layers.  
FT-IR and Raman spectroscopies corroborate the structure of Na2Mg2FeH(D)8 by the correlation 
of experimental and DFT calculated data. For the first time in a quaternary complex transition 
metal hydride, the determination of the vibrational modes for the H
− 
anions has been 
accomplished, as well as the observation of the characteristic Fe−H(D) vibrational modes. 
 
Appendix A. Supplementary material 
Tabulated atomic positions for the DFT calculated structures, bond distances and bond angles of 
Na2Mg2FeD8 and Na2Mg2RuD8 (experimental and theory); list of peaks corresponding to the 
unknown phase in Na2Mg2RuD8 SR-XRD data; DFT calculated Γ-phonon modes. 
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Figures and Table caption 
Fig. 1. Rietveld refinement plot of (a) SR-XRD and (b) PND data for Na2Mg2FeD8 and (c) SR-
XRD and (d) PND data for Na2Mg2RuD8. Experimental data as red circles, calculated diffraction 
pattern as black line and the difference plot in blue. Tick marks show positions for: (a) and (b) 
Na2Mg2FeD8 (bottom), Fe, Mg2FeD6 and NaD (top), respectively; (c) and (d) Na2Mg2RuD8 
(bottom), Ru and unknown phase (top), respectively. The profile of the unknown phase in 
Na2Mg2RuD8 was by the Le Bail method.  λ = 0.70135 Å (SR-XRD) and 1.5548 Å (PND).  
 
Fig. 2. Structural representations of Na2Mg2TD8 (T = Fe, Ru). (a) Extended structure viewed 
along the a axis (thick, gray lines outline the unit cell); (b) coordination of [TD6]
4− 
octahedron; 
(c) coordination of D
− 






omitted for clarity). Green spheres represent T (Fe or Ru); turquoise spheres are Na; orange 




Fig. 3. (a) FT-IR spectrum of Mg2FeH6, (b) FT-IR and (c) Raman spectra of Na2Mg2FeH8 and 
Raman spectrum (d) of Na2Mg2FeD8. Numbered vibrations correlate to those in Table 3. Only 
the strongest Fe−H vibration for Mg2FeH6 has been labelled. 
 
Table 1. Crystallographic data for Na2Mg2FeD8 and Na2Mg2RuD8 at room temperature obtained 
by combined Rietveld refinement with SR-PXD and PND data. Estimated standard deviations 
are given in parenthesis. 
 
Table 2. Selected interatomic bond distances (Å) and selected angles (°) at room temperature for 
Na2Mg2TD8 (T = Fe, Ru) obtained from combined Rietveld refinement of SR-PXD and PND 
data. Estimated standard deviations are given in parenthesis. 
 







Chemical formula Fe Mg2 Na2 D8 Ru Mg2 Na2 D8 
Mr 166.55 211.77 
Crystal system Orthorhombic Orthorhombic 
Space group Pbam (55) Pbam (55) 
Cell parameters (Å) a = 5.30527(8) 
b = 11.03743(16) 
c = 4.47783(6) 
a = 5.37969(5) 
b = 11.11847(10) 






Z 2 2 
wR 0.079 0.056 
χ2  11.34 9.32 
Atom Wyckoff position x/a y/b z/c Uiso (Å
2
) 
Fe1 2a 0.0 0.0 0.0 0.0022(4) 
Mg1 4h 0.0291(4) 0.12968(11) 0.5 0.0022(4) 
Na1 4g 0.0071(5) 0.35998(12) 0.0 0.0100(5) 
D1 4g 0.0390(19) 0.1447(8) 0.0 0.0213(12) 
D2 4h 0.3371(20) 0.2238(11) 0.5 0.0309(27) 
D3 8i 0.2907(10) 0.4906(7) 0.2537(15) = Uiso(D1) 
Ru1 2a 0.0 0.0 0.0 0.00074(7) 
Mg1 4h 0.03664(23) 0.13163(9) 0.5 0.00261(20) 
Na1 4g −0.0028(5) 0.35871(8) 0.0 0.00647(32) 
D1 4g 0.02959(33) 0.15290(24) 0.0 0.02223(12) 
D2 4h 0.35300(27) 0.2258(4) 0.5 0.0261(6) 
D3 8i 0.27263(23) 0.49517(26) 0.2795(5) = Uiso(D1) 
Table 1
  Na2Mg2FeD8 Na2Mg2RuD8 
Atom 1 Atom 2 d (Å) d (Å) 
T D1 1.610(9) 1.7074(27) 
 D3 1.592(6) 1.7488(17) 
 Mg 2.6618(7) 2.7534(5) 
 Na 3.0373(26) 3.1018(25) 
Mg D1 2.2457(7) 2.33672(23) 
 D2 1.911(11) 1.868(5) 
 D2 1.937(11) 1.9983(34) 
 D3 2.118(7) 2.0729(29) 
 D3 2.139(7) 2.2147(23) 
Na D1 2.382(9) 2.2950(26) 
 D1 2.484(10) 2.519(4) 
 D1 2.822(10) 2.867(4) 
 D2 2.585(6) 2.6240(12) 
 D2 3.215(8) 3.3328(27) 
 D3 2.373(7) 2.5196(24) 
 D3 2.551(7) 2.5676(21) 









T−D1−Na 168.5(6) 170.29(16) 
Mg−D2−Mg 154.7(7) 153.54(15) 
Na−D2−Na 163.8(5) 160.1(9) 
 
Table 2
 MgFeH6     Na2Mg2FeH(D)6 Assignment 
IR IR Raman 
 H H H (DFT) H H (DFT) D  
1 1786 vs      υ(Fe−H) (T1u) 
2    1874 s 1808 1338 s υ(Fe−H) (Ag/B3g) 
3    1756 m 1753 1279 m υ(Fe−H) (B1g/B2g) 
4  1752 s 1727    υ(Fe−H) (B1u /B2u) 
5    1732 m 1744 1238 m υ(Fe−H) (Ag) 
6  1645 s br 1627    υ(Fe−H/D) (B3u) 
7  1575 vs      δ(Fe−H) (Ag) + δ(Fe−H) (B2u)   















11    1076 vw 1018 732 δ(Fe−H/D) (Ag ) 
12  856 w 820    δ(Fe−H) (B2u) 
13  783 m 782    δ(Fe−H) (B3u) 
14  650 m 637    δ(Fe−H) (B3u) 
15  444 m 458    libration/translation (B2u) 
16    345 w 346 360 w translation (Ag) 
17    261 m 303 262 m translation (B3g) 
18    246 m  236 247 m translation (B3g) 
19    229 m 223 230 m translation (B2g) 
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